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(57) ABSTRACT

Digestion of cellulosic biomass solids may be conducted 1n a
pressure vessel that contains both a hydrothermal digestion
unit and a catalytic reduction reactor unit. Biomass conver-
s10n systems incorporating such a feature may comprise: a
pressure vessel that comprises a first section comprising a
hydrothermal digestion unit and a second section comprising
a first catalytic reduction reactor unit that contains a first
catalyst capable of activating molecular hydrogen; wherein
the hydrothermal digestion unit and the first catalytic reduc-
tion reactor unit are in fluid communication with one another;
a biomass feed mechanism that 1s operatively connected to
the pressure vessel, the biomass feed mechanism being
capable of introducing cellulosic biomass solids to the pres-
sure vessel and also capable of withdrawing a reaction prod-
uct from the first catalytic reduction reactor unit; and a hydro-
gen feed line that 1s operatively connected to the first catalytic
reduction reactor umnit.
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BIOMASS CONVERSION SYSTEMS HAVING
A SINGLE-VESSEL HYDROTHERMAL
DIGESTION UNIT/CATALYTIC REDUCTION
REACTOR UNIT FOR INTEGRATED
STABILIZATION OF A HYDROLYSATE AND
METHODS FOR USE THEREOFK

[0001] This application 1s a non-provisional application

which claims the benefit of U.S. Provisional Application No.
61/706,371 filed Sep. 27, 2012, the entire disclosure of which
1s hereby incorporated by reference.

FIELD OF THE INVENTION

[0002] The present disclosure generally relates to digestion
ol cellulosic biomass solids, and, more specifically, to biom-
ass conversion systems and methods for use thereof that allow
a hydrolysate comprising soluble carbohydrates to be cata-
lytically transformed into a more stable reaction product
using a pressurized vessel that contains a fluidly coupled
hydrothermal digestion unit and a catalytic reduction reactor
unit.

BACKGROUND OF THE INVENTION

[0003] A number of substances of commercial significance
may be produced from natural sources, particularly biomass.
Cellulosic biomass may be particularly advantageous 1n this
regard due to the versatility of the abundant carbohydrates
found therein 1in various forms. As used herein, the term
“cellulosic biomass™ refers to a living or recently living bio-
logical material that contains cellulose. The lignocellulosic
material found 1n the cell walls of higher plants 1s the world’s
most abundant source of carbohydrates. Materials commonly
produced from cellulosic biomass may 1nclude, for example,
paper and pulpwood via partial digestion, and bioethanol by
fermentation.

[0004] Plant cell walls are divided into two sections: pri-
mary cell walls and secondary cell walls. The primary cell
wall provides structural support for expanding cells and con-
tains three major polysaccharides (cellulose, pectin, and
hemicellulose) and one group of glycoproteins. The second-
ary cell wall, which 1s produced after the cell has finished
growing, also contains polysaccharides and 1s strengthened
through polymeric lignin that 1s covalently crosslinked to
hemicellulose. Hemicellulose and pectin are typically found
in abundance, but cellulose 1s the predominant polysaccha-
ride and the most abundant source of carbohydrates. The
complex mixture of constituents that 1s co-present with the
cellulose can make its processing difficult, as discussed here-
inafter.

[0005] Significant attention has been placed on developing
fossil fuel alternatives derived from renewable resources.
Cellulosic biomass has garnered particular attention 1n this
regard due to 1ts abundance and the versatility of the various
components found therein, particularly cellulose and other
carbohydrates. Despite promise and intense interest, the
development and implementation of bio-based fuel technol-
ogy has been slow. Existing technologies have heretofore
produced fuels having a low energy density (e.g., bioethanol)
and/or that are not fully compatible with existing engine
designs and transportation inirastructure (e.g., methanol,
biodiesel, Fischer-Tropsch diesel, hydrogen, and methane).
Energy- and cost-ellicient processes for processing cellulosic
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biomass into fuel blends having similar compositions to fossil
fuels would be highly desirable to address the foregoing
issues and others.

[0006] When converting cellulosic biomass into fuel
blends and other materials, cellulose and other complex car-
bohydrates therein can be extracted and transformed into
simpler organic molecules, which can be further reformed
thereafter. Fermentation 1s one process whereby complex
carbohydrates from cellulosic biomass may be converted into
a more usable form. However, fermentation processes are
typically slow, require large volume reactors and high dilu-
tion conditions, and produce an 1nitial reaction product hav-
ing a low energy density (ethanol). Digestion 1s another way
in which cellulose and other complex carbohydrates may be
converted mto a more usable form. Digestion processes can
break down cellulose and other complex carbohydrates
within cellulosic biomass into simpler, soluble carbohydrates
that are suitable for further transformation through down-
stream reforming reactions. As used herein, the term “soluble
carbohydrates™ refers to monosaccharides or polysaccharides
that become solubilized 1n a digestion process. Although the
underlying chemistry 1s understood behind digesting cellu-
lose and other complex carbohydrates and further transform-
ing simple carbohydrates into organic compounds reminis-
cent of those present 1n fossil fuels, high-yield and energy-
elficient digestion processes suitable for converting cellulosic
biomass into fuel blends have yet to be developed. In this
regard, the most basic requirement associated with converting,
cellulosic biomass into fuel blends using digestion and other
processes 1s that the energy mput needed to bring about the
conversion should not be greater than the available energy
output of the product fuel blends. This basic requirement
leads to a number of secondary 1ssues that collectively present

an 1mmense engineering challenge that has not been solved
heretofore.

[0007] The 1ssues associated with converting cellulosic
biomass into fuel blends 1n an energy- and cost-etficient man-
ner using digestion are not only complex, but they are entirely
different than those that are encountered in the digestion
processes commonly used 1n the paper and pulpwood 1indus-
try. Since the intent of cellulosic biomass digestion in the
paper and pulpwood industry is to retain a solid material (e.g.,
wood pulp), incomplete digestion 1s usually performed at low
temperatures (e.g., less than about 100° C.) for a fairly short
period of time. In contrast, digestion processes suitable for
converting cellulosic biomass into fuel blends and other
materials are ideally configured to maximize vields by solu-
bilizing as much of the original cellulosic biomass charge as
possible 1n a high-throughput manner.

[0008] Production of soluble carbohydrates for use in fuel
blends and other materials via routine modification of paper
and pulpwood digestion processes 1s not believed to be eco-
nomically feasible for a number of reasons. Simply running
the digestion processes of the paper and pulpwood 1ndustry
for a longer period of time to produce more soluble carbohy-
drates 1s undesirable from a throughput standpoint. Use of
digestion promoters such as strong alkalis, strong acids, or
sulfites to accelerate the digestion rate can increase process
costs and complexity due to post-processing separation steps
and the possible need to protect downstream components
from these agents. Accelerating the digestion rate by increas-
ing the digestion temperature can actually reduce yields due
to thermal degradation of soluble carbohydrates that can
occur at elevated digestion temperatures, particularly over
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extended periods of time. Once produced by digestion,
soluble carbohydrates are very reactive and can rapidly
degrade to produce caramelans and other heavy ends degra-
dation products, especially under higher temperature condi-
tions, such as above about 150° C. Use of higher digestion
temperatures can also be undesirable from an energy effi-
ciency standpoint. Any of these difficulties can defeat the
economic viability of fuel blends derived from cellulosic
biomass.

[0009] One way 1n which soluble carbohydrates can be
protected from thermal degradation 1s through subjecting
them to one or more catalytic reduction reactions, which may
include hydrogenation and/or hydrogenolysis reactions. Sta-
bilizing soluble carbohydrates through conducting one or
more catalytic reduction reactions may allow digestion of
cellulosic biomass to take place at higher temperatures than
would otherwise be possible without unduly sacrificing
yields. Depending on the reaction conditions and catalyst
used, reaction products formed as a result of conducting one
or more catalytic reduction reactions on soluble carbohy-
drates may include triols, diols, monohydric alcohols, or any
combination thereol, some of which may also include a
residual carbonyl functionality (e.g., an aldehyde or ketone).
Such reaction products may be more thermally stable than
soluble carbohydrates and are readily transformable 1nto fuel
blends and other materials through conducting one or more
downstream reforming reactions. In addition, the foregoing
types ol reaction products are good solvents 1n which a hydro-
thermal digestion may be performed, thereby promoting
solubilzation of soluble carbohydrates as their reaction prod-
ucts and cellulosic biomass components such as lignin, for
example.

[0010] Another issue associated with the processing of cel-
lulosic biomass 1nto fuel blends and other materials 1s created
by the need for high conversion percentages of a cellulosic
biomass charge 1nto soluble carbohydrates. Specifically, as
cellulosic biomass solids are digested, their size gradually
decreases to the point that they can become fluidly mobile. As
used herein, cellulosic biomass solids that are fluidly mobile,
particularly cellulosic biomass solids that are about 3 mm in
size or less, will be referred to as “cellulosic biomass fines.”
Cellulosic biomass fines can be transported out of a digestion
zone ol a system for converting cellulosic biomass and into
one or more zones where solids are unwanted and can be
detrimental. For example, cellulosic biomass fines have the
potential to plug catalyst beds, transfer lines, and the like.
Furthermore, although small 1n size, cellulosic biomass fines
may represent a non-trivial fraction of the cellulosic biomass
charge, and if they are not further converted into soluble
carbohydrates, the ability to attain a satisfactory conversion
percentage may be impacted. Since the digestion processes of
the paper and pulpwood i1ndustry are run at relatively low
cellulosic biomass conversion percentages, smaller amounts
of cellulosic biomass fines are believed to be generated and
have a lesser impact on those digestion processes.

[0011] Inadditionto the desired carbohydrates, other mate-
rials may be present within cellulosic biomass that can be
especially problematic to deal with 1n an energy- and cost-
cificient manner. Sultfur- and/or nitrogen-contaiming amino
acids or other catalyst poisons may be present in cellulosic
biomass. If not removed, these catalyst poisons can impact
the catalytic reduction reaction(s) used to stabilize soluble
carbohydrates, thereby resulting in process downtime for
catalyst regeneration and/or replacement and reducing the
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overall energy efliciency when restarting the process. On the
other hand, in-process removal of these catalyst poisons can
also 1impact the energy etliciency of the biomass conversion
process, since the ion-exchange processes typically needed to
affect their removal are usually conducted at temperatures
below those at which soluble carbohydrates are produced by
digestion, thereby introducing heat exchange operations that
add to design complexity and may increase operational costs.
In addition to catalyst poisons, lignin, which 1s a non-cellu-
losic biopolymer, may become solubilized in conjunction
with the production of soluble carbohydrates. Ifnot addressed
in some manner, lignin concentrations may become suifi-
ciently high during biomass conversion that precipitation
eventually occurs, thereby resulting 1n costly system down-
time. In the alternative, some lignin may remain unsolubi-
lized, and costly system downtime may eventually be needed
to affect 1ts removal.

[0012] As evidenced by the foregoing, the efficient conver-
s10n of cellulosic biomass into fuel blends 1s a complex prob-
lem that presents immense engineering challenges. The
present disclosure addresses these challenges and provides
related advantages as well.

SUMMARY OF THE INVENTION

[0013] The present disclosure generally relates to digestion
of cellulosic biomass solids, and, more specifically, to biom-
ass conversion systems and methods for use thereof that allow
a hydrolysate comprising soluble carbohydrates to be cata-
lytically transformed into a more stable reaction product
using a pressurized vessel that contains a fluidly coupled
hydrothermal digestion unit and a catalytic reduction reactor
unit.

[0014] In some embodiments, the present invention pro-
vides biomass conversion systems comprising: a pressure
vessel comprising a first section and a second section, the first
section comprising a hydrothermal digestion unit and the
second section comprising a first catalytic reduction reactor
unit that contains a first catalyst capable of activating molecu-
lar hydrogen; wherein the hydrothermal digestion unit and
the first catalytic reduction reactor unit are 1n fluid commu-
nication with one another; a biomass feed mechanism that 1s
operatively connected to the pressure vessel, the biomass feed
mechanism being capable of introducing cellulosic biomass
solids to the pressure vessel and also capable of withdrawing
a reaction product from the first catalytic reduction reactor
unit; and a hydrogen feed line that 1s operatively connected to
the first catalytic reduction reactor unait.

[0015] In some embodiments, the present invention pro-
vides biomass conversion systems comprising: a pressure
vessel comprising a first section and a second section, the first
section comprising a hydrothermal digestion unit and the
second section comprising a first catalytic reduction reactor
unit that contains a first catalyst capable of activating molecu-
lar hydrogen; wherein the hydrothermal digestion unit and
the first catalytic reduction reactor unit are 1n fluid commu-
nication with one another; a biomass feed mechanism that 1s
operatively connected to the pressure vessel, the biomass feed
mechanism being capable of introducing cellulosic biomass
solids to the pressure vessel while the pressure vessel main-
tains a pressurized state; a hydrogen feed line that 1s opera-
tively connected to the first catalytic reduction reactor unit;
and a fluid circulation loop comprising the pressure vessel
and a second catalytic reduction reactor unit that contains a
second catalyst capable of activating molecular hydrogen.
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[0016] In some embodiments, the present mvention pro-
vides methods comprising: providing a pressure vessel com-
prising a {irst section and a second section, the first section
comprising a hydrothermal digestion unit and the second
section comprising a first catalytic reduction reactor unit that
contains a first catalyst capable of activating molecular
hydrogen (first hydrocatalytic catalyst); wherein the hydro-
thermal digestion unit and the first catalytic reduction reactor
unit are 1 fluid communication with one another; adding
cellulosic biomass solids to the pressure vessel; heating the
cellulosic biomass solids 1n the hydrothermal digestion unit
of the pressure vessel, thereby forming a hydrolysate com-
prising soluble carbohydrates within a liquor phase; convey-
ing the liquor phase through the first catalytic reduction reac-
tor unit in the presence of molecular hydrogen so as to at least
partially transform the soluble carbohydrates into a reaction
product; and conveying at least a portion of the liquor phase
from the pressure vessel to a second catalytic reduction reac-
tor unit that contains a second catalyst capable of activating,
molecular hydrogen (second hydrocatalytic catalyst), so as to
turther transform the soluble carbohydrates mto the reaction
product.

[0017] The features and advantages of the present disclo-
sure will be readily apparent to one having ordinary skill 1n
the art upon a reading of the description of the preferred
embodiments that follows.

BRIEF DESCRIPTION OF THE DRAWINGS

[0018] The following figures are included to 1llustrate cer-
tain aspects ol the present disclosure, and should not be
viewed as exclusive embodiments. The subject matter dis-
closed 1s capable of considerable modifications, alterations,
combinations, and equivalents 1n form and function, as will
occur to one having ordinary 1n the art and the benetit of this
disclosure.

[0019] FIG. 1 shows a schematic of an illustrative annular
pressure vessel containing an inner catalytic reduction reactor
unit and an outer hydrothermal digestion unit housed within
an outer pressure housing.

[0020] FIG. 2 shows a schematic of an illustrative pressure
vessel 1n which a hydrothermal digestion unit and a catalytic
reduction reactor umt are located alongside one another
within an outer pressure housing.

[0021] FIG. 3 shows a schematic of an 1llustrative biomass
conversion system having a hydrothermal digestion unit and

a catalytic reduction reactor unit housed within a pressure
vessel.

[0022] FIG. 4 shows a schematic of an illustrative biomass
conversion system having a hydrothermal digestion unit and
a catalytic reduction reactor unit housed within a pressure
vessel in which a fluid circulation loop establishes direct fluid
communication between a fluid inlet and a tluid outlet of the

pressurc vessel.

DETAILED DESCRIPTION

[0023] The present disclosure generally relates to digestion
of cellulosic biomass solids, and, more specifically, to biom-
ass conversion systems and methods for use thereof that allow
a hydrolysate comprising soluble carbohydrates to be cata-
lytically transformed into a more stable reaction product
using a pressurized vessel that contains a fluidly coupled
hydrothermal digestion unit and a catalytic reduction reactor
unit.
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[0024] In the embodiments described herein, the digestion
rate of cellulosic biomass may be accelerated 1n the presence
of a digestion solvent at elevated temperatures and pressures
that maintain the digestion solvent 1n a liquid state above its
normal boiling point. The more rapid rate of digestion may be
desirable from the standpoint of throughput, but soluble car-
bohydrates may be susceptible to degradation under these
conditions, as discussed 1n more detail hereinatter. In various
embodiments, the digestion solvent may contain an organic
solvent, particularly an in situ-generated organic solvent,
which may provide certain advantages, as described herein-
alter.

[0025] The present disclosure provides systems and meth-
ods that allow cellulosic biomass solids to be efficiently
digested to form soluble carbohydrates, which may subse-
quently be converted through one or more catalytic reduction
reactions (e.g., hydrogenolysis and/or hydrogenation) into
more stable reaction products comprising oxygenated inter-
mediates that may be further processed into higher hydrocar-
bons. The higher hydrocarbons may be useful 1n forming
industrial chemicals and transportation fuels (i.e., a biofuel),
including, for example, synthetic gasoline, diesel fuels, jet
fuels, and the like. As used herein, the term “biotuel” will
refer to any transportation fuel formed from a biological
source. Such biotuels may be referred to herein as “fuel
blends.” In particular, the systems and methods described
herein are configured such that cellulosic biomass solids can
be digested to produce a hydrolysate that comprises soluble
carbohydrates, where at least a portion of the soluble carbo-
hydrates 1n the hydrolysate may be quickly transformed 1nto
a more stable reaction product following digestion through a
catalytic reduction reaction before degradation has had an
opportunity to take place. In the embodiments described
herein, the foregoing 1s accomplished by fluidly coupling a
hydrothermal digestion unit and a catalytic reduction reactor
unit together 1n a pressure vessel. Various configurations for
the fluidly coupled hydrothermal digestion unit and catalytic
reduction reactor unit are possible, as described hereinaftter.
Several types of catalysts that are capable of activating
molecular hydrogen (also referred to herein as “hydrogen-
activating catalysts” or “hydrocatalytic catalyst”) may be
used to mediate the catalytic reduction reaction. Advanta-
geously, the cellulosic biomass solids may be used to promote
retention of the catalyst within the pressure vessel, as
described hereinafter. Converting the soluble carbohydrates
into a more stable reaction product nearer their point of origin
may reduce the amount of thermal decomposition that occurs
following hydrothermal digestion, thereby increasing vields
of the desired reaction product and promoting high biomass
conversion rates. Other advantages may also be realized by
conducting hydrothermal digestion and catalytic reduction
within a single pressure vessel, as discussed hereinaiter.

[0026] As used herein, the term “oxygenated intermedi-
ates” refers to alcohols, polyols, ketones, aldehydes, and mix-
tures thereof that are produced from a catalytic reduction
reaction (e.g., hydrogenolysis and/or hydrogenation) of
soluble carbohydrates. As used herein, the term “higher
hydrocarbons™ refers to hydrocarbons having an oxygen to
carbon ratio less than that of at least one component of the
biomass source from which they are produced. As used
herein, the term “hydrocarbon™ refers to an organic com-
pound comprising primarily hydrogen and carbon, although
heteroatoms such as oxygen, nitrogen, sulfur, and/or phos-
phorus may be present in some embodiments. Thus, the term
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“hydrocarbon” also encompasses heteroatom-substituted
compounds containing carbon, hydrogen, and oxygen, for
example.

[0027] When a digestion solvent 1s used at high tempera-
tures and pressures in a hydrothermal digestion, the digestion
process may become fairly energy intensive. I the energy
input requirements for the digestion process become too
great, the economic feasibility of cellulosic biomass as a
teedstock material may be jeopardized. That 1s, if the energy
input needed to digest cellulosic biomass becomes too great,
processing costs may become higher than the actual value of
the product being generated. In order to keep processing costs
low, the amount of externally added heat input to the digestion
process 1s desirably kept as low as possible while achieving as
high as possible conversion of the cellulosic biomass 1nto
soluble carbohydrates, which can subsequently be trans-
formed 1nto a more stable reaction product. Conversion of
soluble carbohydrates 1nto a more stable reaction product 1s
described in more detail hereinatter.

[0028] In the embodiments described herein, the soluble
carbohydrates may be at least partially stabilized by a cata-
lytic reduction reaction that takes place within the same pres-
sure vessel in which hydrothermal digestion occurs. Once the
soluble carbohydrates have been at least partially transtormed
into a more stable reaction product, completion of the con-
version of the soluble carbohydrates into the reaction product
may take place 1n a separate catalytic reduction reactor unit
that 1s not contained within the pressure vessel. The described
biomass conversion system features can allow a significant
quantity of the mitially solubilized carbohydrates to be con-
verted 1nto a form that 1s suitable for subsequent processing,
into a biofuel, while forming as small as possible an amount
of caramelans and other decomposition products in or near
the hydrothermal digestion unait.

[0029] A number of advantages may be realized by con-
ducting hydrothermal digestion and catalytic reduction
within the same pressure vessel, as 1 the embodiments
described herein. As discussed above, a leading advantage of
the biomass conversion systems described herein 1s that the
systems are configured to rapidly stabilize a significant frac-
tion of the hydrolysate produced in the hydrothermal diges-
tion unit. Stabilization of the hydrolysate may be accom-
plished by at least partially converting the soluble
carbohydrates in the hydrolysate into a reaction product
through a catalytic reduction reaction that takes place in a
catalytic reduction reactor unit that 1s fluidly coupled to the
hydrothermal digestion unmit. By fluidly coupling the hydro-
thermal digestion unit and the catalytic reduction reactor unit
together 1n a single pressure vessel, transit times of the
hydrolysate to the catalytic reduction reactor unit may be
lowered, thereby decreasing the opportunity for the soluble
carbohydrates to degrade.

[0030] Another significant advantage of the presently
described biomass conversion systems 1s that conducting
hydrothermal digestion and catalytic reduction 1n a single
pressure vessel may allow excellent heat integration and heat
management to be realized. As described hereinatter, hydro-
thermal digestion 1s an endothermic process, whereas cata-
lytic reduction 1s an exothermic process. Since the two pro-
cesses occur within the same pressure vessel in the biomass
conversion systems described herein, the excess heat gener-
ated by the catalytic reduction reaction may be used to drive
the hydrothermal digestion process. This can improve the
overall energy efficiency of the biomass conversion process
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by limiting the amount of external energy needing to be input
to drive the hydrothermal digestion.

[0031] As discussed above, the mnitial reaction product pro-
duced 1n the pressure vessel may be conveyed to a second
catalytic reduction reactor unit for further transformation nto
areaction product that 1s more amenable to being transformed
into a biofuel or other material. The second catalytic reduc-
tion reactor unit in which the further transformation takes
place may be separate from the pressure vessel in which the
initial catalytic reduction reaction takes place. The further
transformation that takes place may comprise a further reduc-
tion 1n the degree of oxidation of the initial reaction product,
an 1creased conversion of soluble carbohydrates into oxy-
genated intermediates, or both. The reaction product obtained
from the second catalytic reduction reactor unit may be recir-
culated to the pressure vessel, where 1t may serve as a diges-
tion solvent, and/or it may be withdrawn from the second
catalytic reduction reactor unit for subsequent conversion
into a biofuel or other material. By at least partially trans-
forming the soluble carbohydrates into a reaction product
betore the hydrolysate reaches the second catalytic reduction
reactor unit, demands on the second catalytic reduction reac-
tor unit may be lessened, and 1t may be possible to realize a
higher conversion of soluble carbohydrates into the reaction
product. In addition, 1t may be possible to use a smaller
second catalytic reduction reactor unit than would otherwise
be feasible, since at least a portion of the soluble carbohy-
drates have already been transformed prior to reaching the
second catalytic reduction reactor unit. Furthermore, since
significant heat integration eificiency may be realized by
conducting hydrothermal digestion and the iitial catalytic
reduction reaction in the same pressure vessel, there may be a
reduced need to recirculate the reaction product from the
second catalytic reduction reactor unit to the pressure vessel
in order to maintain an energy eificient process. Thus, lower
reaction product recycle ratios may be used, and a greater
fraction of the reaction product may be withdrawn for subse-
quent conversion nto a biofuel. The foregoing factors may
also reduce capital and operational costs associated with the
biomass conversion systems.

[0032] In further regard to heat integration efficiency, the
present biomass conversion systems may also be particularly
advantageous, since the pressure vessel of the systems may be
continuously maintained at elevated temperatures and pres-
sures, 1 some embodiments. Thus, hydrothermal digestion
may take place continuously as long as fresh cellulosic bio-
mass solids can be continuously or semi-continuously sup-
plied to the pressure vessel without depressurization taking
place. Without the ability to introduce fresh cellulosic biom-
ass solids to the pressure vessel while maintaining a pressur-
1zed state, depressurization and cooling may take place dur-
ing biomass addition, significantly reducing the energy- and
cost-elliciency of the conversion process. As used herein, the
term “continuous addition” and grammatical equivalents
thereof will refer to a process 1n which biomass 1s added to a
vessel 1 a substantially uninterrupted manner without full
depressurization taking place. As used herein, the term “semi-
continuous addition” and grammatical equivalents thereof
will refer to a discontinuous, but as-needed, addition of bio-
mass to a vessel without full depressurization taking place. A
further description of biomass feed mechanisms that may
supply biomass to a pressurized vessel are described in more
detail below.

.
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[0033] Inthe embodiments described herein, various types
of fluidly mobile catalysts that are capable of activating
molecular hydrogen may be used 1n the catalytic reduction
reactor unit present within the pressure vessel. As described
hereinafter, at least some cellulosic biomass solids may also
be present in the catalytic reduction reactor unit of the pres-
sure vessel. Therefore, catalysts that are susceptible to plug-
ging 1n the presence of solids, such as fixed bed catalysts, for
example, are not typically used in this location. Illustrative
types of catalysts that may be used 1n the catalytic reduction
reactor unit of the pressure vessel include, for example, slurry
catalysts, ebullating bed catalysts, fluidized bed catalysts, and
the like. The same catalyst or a different catalyst may be
present in the second catalytic reduction reactor unit that 1s
not located within the pressure vessel.

[0034] A common problem associated with the use of flu-
1dly mobile catalysts 1s that suitable containment mechanisms
(e.g., catalyst screens, filters, and the like) are often needed 1n
order to maintain the catalysts 1n a desired location. In the
embodiments described herein, however, i1t has been discov-
ered that cellulosic biomass solids may be advantageously
used to help maintain the fluidly mobile catalyst within the
pressure vessel and/or to provide a mechanism by which the
catalyst may be easily returned to the pressure vessel during
biomass addition thereto. Specifically, 1t has been discovered
that an agglomeration of cellulosic biomass solids may effec-
tively sequester catalyst solids to limit the free movement of
the catalyst. Thus, not only are the cellulosic biomass solids
digested 1n the pressure vessel, but they also may efiectively
serve as a catalyst screen 1n the pressure vessel and/or 1n a
biomass feed mechanism used for introducing the cellulosic
biomass solids to the pressure vessel. In some embodiments,
the cellulosic biomass solids may be processed to a size that
1s more elfective for screening the catalyst, before being
added to the pressure vessel, 11 desired. Moreover, free move-
ment of the fluidly mobile catalyst through the cellulosic
biomass solids 1s advantageous to promote distribution of the
catalyst, thereby leading to more ready stabilization of
soluble carbohydrates.

[0035] Inasimilar manner to that which occurs for catalyst
sequestration, as described above, the biomass conversion
systems described herein may aid 1n reducing the amount of
cellulosic biomass fines transported from the pressure vessel
to the second catalytic reduction reactor unit. The cellulosic
biomass fines may be natively present 1n the biomass intro-
duced to the pressure vessel or produced 1n the course of the
biomass undergoing hydrothermal digestion. Thus, a fluidly
mobile catalyst can be used 1n the second catalytic reduction
reactor unit, 1n some embodiments, or a fixed bed catalyst can
be used 1n the second catalytic reduction reactor unit, in other
embodiments. Optionally, a solids separation mechanism
may also be used to sequester any catalyst and/or cellulosic
biomass fines 1n the liquor phase being conveyed to the sec-
ond catalytic reduction reactor unit in order to confer addi-
tional protection thereto.

[0036] The biomass conversion systems and associated
methods described herein are to be further distinguished from
those of the paper and pulpwood industry, where the goal 1s to
harvest partially digested wood pulp, rather than obtaining as
high as possible a quantity of soluble carbohydrates, which
can be subsequently converted 1nto a reaction product com-
prising oxygenated intermediates. Since the goal of paper and
pulpwood processing 1s to obtain raw wood pulp, such diges-
tion processes may be conducted at lower temperatures and
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pressures to remove lower quantities of soluble carbohydrates
and non-cellulosic components from the biomass, which can
be removed at lower temperatures. In some embodiments
described herein, at least about 60% of the cellulosic biomass,
on a dry basis, may be digested to produce a hydrolysate
comprising soluble carbohydrates. In other embodiments
described herein, at least about 90% of the cellulosic biomass,
on a dry basis, may be digested to produce a hydrolysate
comprising soluble carbohydrates. Given the intent of paper
and pulpwood processing, 1t 1s anticipated that much lower
quantities of soluble carbohydrates are produced in these
processes. The design of the present biomass conversion sys-
tems may enable such high conversion rates by minimizing
the formation of degradation products during the processing
of cellulosic biomass, while maintaining long residence times
during hydrothermal digestion.

[0037] Although conducting a combined hydrothermal
digestion of cellulosic biomass solids and a catalytic reduc-
tion reaction of soluble carbohydrates 1n a single pressure
vessel may be advantageous from the standpoint of stabiliz-
ing soluble carbohydrates and achieving excellent heat 1nte-
gration, biomass conversion systems implementing such con-
figurations may present several challenges, as discussed
above. Catalyst poisoning may also be an 1ssue for some
catalysts, since there 1s little to no opportunity to remove
catalyst poisons from the hydrolysate when catalytic reduc-
tion 1s conducted 1n the same pressure vessel as the hydro-
thermal digestion. One way 1n which this 1ssue can be cir-
cumvented 1s to use a poison-tolerant catalyst, some of which
are discussed hereinbelow. Another alternative 1s to use a
catalyst that 1s regenerable upon exposure to conditions that
can be established 1n the pressure vessel. For example, 1n
some embodiments, a slurry catalyst may be regenerated

through exposure to water at a temperature of at least about
300° C.

[0038] Another alternative to address the 1ssue of catalyst
poisoning 1s to conduct the digestion of the cellulosic biomass
solids 1n stages using separate digestion units. Many of the
poisons that may deactivate a catalyst arise from sultfur-con-
taining compounds and nitrogen-containing compounds 1n
the raw cellulosic biomass solids. These compounds, along
with at least some hemicellulose and lignins, may be at least
partially removed from cellulosic biomass solids at lower
digestion temperatures than those at which cellulose pro-
duces soluble carbohydrates. By controlling the digestion
temperature, a biomass pulp may be produced that1s enriched
in cellulose but depleted 1n catalyst poisons, hemicellulose,
and/or lignins, none of which are desirably present 1n a pro-
cess for producing soluble carbohydrates or a reaction prod-
uct dertved therefrom. Advantageously, the catalyst poisons,
hemicellulose, and/or lignins can be at least partially removed
from the biomass pulp before it 1s added to the pressure vessel
and processed to produce a reaction product, as described 1n
the embodiments herein. That 1s, 1n some embodiments, a
biomass pulp that has been at least partially depleted in cata-
lyst poisons, hemicellulose, and/or lignins may be introduced
to the pressure vessel described herein.

[0039] Not only may the use of multiple digestion units
lessen the likelihood of catalyst poisoning, but such use also
may advantageously reduce the likelihood of lignin precipi-
tation from the liquor phase and formation of undesirable
blockages in the biomass conversion systems (e.g., 1n transier
lines and the like). In some embodiments, the biomass con-
version systems described herein may further comprise a
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separation mechanism for lignin. By removal of at least some
of the lignin from the cellulosic biomass solids before hydro-
thermal digestion takes place, separation of the lignin from
the liquor phase may be conducted less frequently than would
otherwise be possible.

[0040] Unless otherwise specified herein, 1t 1s to be under-
stood that use of the terms “biomass”™ or “cellulosic biomass”™
in the description herein refers to “cellulosic biomass solids.”
Solids may be 1n any size, shape, or form. The cellulosic
biomass solids may be natively present 1n any of these solid
s1zes, shapes, or forms, or they may be further processed prior
to digestion 1n the embodiments described herein. The cellu-
losic biomass solids may also be present in a slurry form 1n the
embodiments described herein.

[0041] In practicing the present embodiments, any type of
suitable biomass source may be used. Suitable cellulosic
biomass sources may include, for example, forestry residues,
agricultural residues, herbaceous material, municipal solid
wastes, waste and recycled paper, pulp and paper mill resi-
dues, and any combination thereof. Thus, 1n some embodi-
ments, a suitable cellulosic biomass may include, for
example, corn stover, straw, bagasse, miscanthus, sorghum
residue, switch grass, bamboo, water hyacinth, hardwood,
hardwood chips, hardwood pulp, softwood, softwood chips,
soltwood pulp, and any combination thereol. Leaves, roots,
seeds, stalks, husks, and the like may be used as a source of
the cellulosic biomass. Common sources of cellulosic biom-
ass may include, for example, agricultural wastes (e.g., corn
stalks, straw, seed hulls, sugarcane leavings, nut shells, and
the like), wood materials (e.g., wood or bark, sawdust, timber
slash, mill scrap, and the like), municipal waste (e.g., waste
paper, yard clippings or debris, and the like), and energy crops
(e.g., poplars, willows, switch grass, alfalfa, prairie blues-
tream, corn, soybeans, and the like). The cellulosic biomass
may be chosen based upon considerations such as, for
example, cellulose and/or hemicellulose content, lignin con-
tent, growing time/season, growing location/transportation
cost, growing costs, harvesting costs, and the like.

[0042] Illustrative carbohydrates that may be present in
cellulosic biomass may include, for example, sugars, sugar
alcohols, celluloses, lignocelluloses, hemicelluloses, and any
combination thereof. Once soluble carbohydrates have been
removed from the biomass matrix through a digestion process
according to the embodiments described herein, the soluble
carbohydrates may be transformed into a reaction product
comprising oxygenated intermediates via a catalytic reduc-
tion reaction. In some embodiments, the oxygenated interme-
diates comprising the reaction product may be further trans-
formed into a biofuel using any combination of further
hydrogenolysis reactions, hydrogenation reactions, conden-
sation reactions, 1somerization reactions, oligomerization
reactions, hydrotreating reactions, alkylation reactions, and
the like. In some embodiments, at least a portion of the oxy-
genated intermediates may be recirculated to the hydrother-
mal digestion unit to comprise at least a portion of the diges-
tion solvent. Recirculation of at least a portion of the
oxygenated intermediates to the hydrothermal digestion unit
may also be particularly advantageous 1n terms of heat inte-
gration and process eificiency.

[0043] Insome embodiments, biomass conversion systems
described herein can comprise: a pressure vessel comprising
a first section and a second section, the first section compris-
ing a hydrothermal digestion unit and the second section
comprising a first catalytic reduction reactor unit that con-
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tains a first catalyst capable of activating molecular hydrogen;
wherein the hydrothermal digestion unit and the first catalytic
reduction reactor unit are in fluid communication with one
another; a biomass feed mechanism that 1s operatively con-
nected to the pressure vessel, the biomass feed mechanism
being capable of introducing cellulosic biomass solids to the
pressure vessel and also capable of withdrawing a reaction
product from the first catalytic reduction reactor unit; and a
hydrogen feed line that 1s operatively connected to the first
catalytic reduction reactor unit.

[0044] Insome embodiments, the biomass conversion sys-
tems may further comprise a fluid circulation loop that estab-
lishes fluid communication between a tluid inlet of the pres-
sure vessel and a fluid outlet of the biomass feed mechanism.
That 1s, 1n such embodiments, the biomass conversion sys-
tems may be configured such that a liquor phase may be
transported through the biomass feed mechanism and subse-
quently returned to the pressure vessel. In other embodi-
ments, the fluid circulation loop may establish fluid commu-
nication directly between a fluid 1nlet and a fluid outlet of the
pressure vessel. That 1s, 1n such embodiments, the liquor
phase need not necessarily pass through the biomass feed
mechanism. Once returned to the pressure vessel, reaction
product in the liquor phase may serve as a digestion solvent in
the hydrothermal digestion unit and/or unreacted soluble car-
bohydrates therein may undergo further catalytic reduction to
produce a reaction product. In addition, as described above,
the liquor phase returned to the pressure vessel may aid in
maintaining its thermal profile.

[0045] In some embodiments, the fluid circulation loop
may further comprise a second catalytic reduction reactor
unmit that contains a second catalyst capable of activating
molecular hydrogen. As described above, the second catalytic
reduction reactor unit may be used to further transform the
soluble carbohydrates within the liquor phase 1nto a reaction
product. In some embodiments, the first catalyst and the sec-
ond catalyst may be the same. In other embodiments, the first
catalyst and the second catalyst may be different. Further
description of suitable catalysts for the catalytic reduction
reactor units follows below.

[0046] Insome embodiments, biomass conversion systems
described herein can comprise: a pressure vessel comprising
a first section and a second section, the first section compris-
ing a hydrothermal digestion unit and the second section
comprising a {irst catalytic reduction reactor unit that con-
tains a first catalyst capable of activating molecular hydrogen;
wherein the hydrothermal digestion unit and the first catalytic
reduction reactor are 1 fluid communication with one
another; a biomass feed mechanism that 1s operatively con-
nected to the pressure vessel, the biomass feed mechanism
being capable of introducing cellulosic biomass solids to the
pressure vessel while the pressure vessel maintains a pressur-
1zed state; a hydrogen feed line that 1s operatively connected
to the first catalytic reduction reactor unit; and a fluid circu-
lation loop comprising the pressure vessel and a second cata-
lytic reduction reactor unit that contains a second catalyst
capable of activating molecular hydrogen.

[0047] Various configurations for the pressure vessel hav-
ing a separated hydrothermal digestion unit and a catalytic
reduction reactor unit are possible. In some embodiments, the
pressure vessel may comprise an annular structure, with the
first section comprising an outer portion of the annular struc-
ture, and the second section comprising an inner portion of
the annular structure. That 1s, 1n such embodiments, the bio-
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mass conversion systems may comprise an mner first cata-
lytic reduction reactor unit and an outer hydrothermal diges-
tion unit, all maintained within an exterior pressure housing.
In other embodiments, the first section and the second section
may be located alongside one another in the pressure vessel.
Other configurations for the pressure vessel may be possible,
and, 1n general, any pressure vessel having a hydrothermal
digestion unit and a catalytic reduction reactor unit that are
fluidly connected to, but separated from, one another may be
used 1n the present embodiments.

[0048] FIGS. 1 and 2 show schematics of 1llustrative pres-
sure vessels containing a hydrothermal digestion unit and a
catalytic reduction reactor unmit, which are fluidly connected
to, but separated from, one another. FIG. 1 shows a schematic
of an 1llustrative annular pressure vessel 1 containing an inner
catalytic reduction reactor unit 2 and an outer hydrothermal
digestion unit 3 housed within outer pressure housing 4. FI1G.
2 shows a schematic of an illustrative pressure vessel 5 1n
which a hydrothermal digestion umt 6 and a catalytic reduc-
tion reactor unit 7 are located alongside one another within
outer pressure housing 8. Although FIGS. 1 and 2 have
depicted the pressure vessel as having a substantially cylin-
drical configuration, 1t 1s to be recognized that any shape can
be used. The arrows 1 FIGS. 1 and 2 represent the flow
direction of hydrolysate and bulk biomass during digestion
and that of the liquor phase as 1t passes through the catalytic
reduction reactor unit in the process of being transformed into
a reaction product. As depicted in FIGS. 1 and 2, catalytic
reduction reactor units 2 and 7 are operated as gas liit, slurry,
or ebullating bed reactors. However, other reactor configura-
tions may also be used. The foregoing pressure vessels may
be used 1in conjunction with the biomass conversion systems
described herein. FIGS. 3 and 4, which are discussed 1n more
detail hereinbelow, show 1llustrative biomass conversion sys-
tems having a hydrothermal digestion unit and a catalytic
reduction reactor unit housed within a pressure vessel.

[0049] In some embodiments, the biomass conversion sys-
tems may comprise a biomass feed mechanism that is opera-
tively connected to the pressure vessel. In some embodi-
ments, the biomass feed mechanism may be capable of
introducing cellulosic biomass solids to the pressure vessel
while the pressure vessel maintains a pressurized state. In
some embodiments, the biomass feed mechanism may also be
capable of withdrawing a reaction product from the pressure
vessel. In various embodiments, the biomass feed mechanism
may comprise a pressure transition zone that cycles between
a lower pressure state (e.g., atmospheric pressure) and a
higher pressure state. In some further embodiments, the bio-
mass feed mechanism may further comprise an atmospheric
pressure zone. Cellulosic biomass solids may be introduced
to the pressure transition zone, and their pressure may be
increased to a level suitable for being introduced to the pres-
sure vessel.

[0050] When present, suitable atmospheric pressure zones
of the biomass feed mechanism may include, for example,
conveyer belts, vibrational tube conveyers, screw feeders or
conveyers, holding tanks, surge vessels, bin dispensers, and
the like. Suitable pressure transition zones that are operable
for continuous or semi-continuous addition of cellulosic bio-
mass solids to a pressure vessel may include, for example,
pressurized screw feeders, pressure-cycling chambers, and
the like as described i commonly owned United States
Patent Application Publications 2013/0152457 and 2013/

01352458, and incorporated herein by reference 1n 1ts entirety.
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[0051] Insomeembodiments, the biomass feed mechanism
may allow cellulosic biomass solids to be introduced to the
pressure vessel without the pressure vessel being fully
depressurized. Pressurizing the cellulosic biomass solids
prior to itroduction to the pressure vessel may allow the
hydrothermal digestion unit to remain pressurized and oper-
ating continuously. Pressurization can help maintain heat
integration and energy elficiency of the biomass digestion
process, as described above. Additional benefits of pressur-
1zing the cellulosic biomass solids are also discussed herein-
after.

[0052] In some embodiments, pressurization of the cellu-
losic biomass solids within the biomass feed mechanism may
take place, at least 1n part, by introducing at least a portion of
the liquor phase in the pressure vessel to the pressure transi-
tion zone. In some or other embodiments, pressurization of
the pressure transition zone may take place, at least 1n part, by
introducing a gas to the pressure transition zone. In some
embodiments, the liquor phase may comprise an organic sol-
vent, which 1s generated as a reaction product of a catalytic
reduction reaction. In other embodiments, an external solvent
may be used to pressurize the pressure transition zone.

[0053] At least two benefits may be realized by pressuriz-
ing the cellulosic biomass solids using a liquor phase from the
digestion unit. First, pressurizing the biomass solids 1n the
presence of the liquor phase may cause the digestion solvent
to infiltrate the biomass solids, which may cause the biomass
solids to sink in the digestion solvent once introduced to the
pressure vessel. Further, by adding hot liquor phase to the
biomass solids 1n the pressure transition zone, less energy
may need to be input to bring the biomass solids up to tem-
perature once mtroduction to the pressure vessel takes place.
Both of these features may improve the efficiency of the
digestion process.

[0054] FIG. 3 shows a schematic of an illustrative biomass
conversion system having a hydrothermal digestion unit and
a catalytic reduction reactor unit housed within a pressure
vessel. For conciseness, FIG. 3 has been depicted with the
annular pressure vessel configuration depicted in FIG. 1.
However, 1t 1s to be recogmized that other pressure vessel
configurations may be used 1n the embodiments described
herein. Moreover, the catalytic reduction reactor unit housed
within the pressure vessel has been shown 1n cut-away form
so that the cellulosic biomass solids and catalyst particles
therein may be more clearly depicted.

[0055] As shown in FIG. 3, biomass conversion system 10
includes pressure vessel 12, which contains hydrothermal
digestion unit 14 and first catalytic reduction reactor unit 16
within outer pressure housing 18. Hydrothermal digestion
unmt 14 and first catalytic reduction reactor unit 16 are fluidly
coupled to one another by fluid conduit region 26. Fluid
conduit region 26 allows a hydrolysate produced within
hydrothermal digestion unit 14 to flow downward by gravity
and thereafter be transported upward within first catalytic
reduction reactor umt 16 1n the presence of molecular hydro-
gen. As depicted i FIG. 3, first catalytic reduction reactor
unit 16 operates, at least 1 part, by gas liit.

[0056] Cellulosic biomass solids may be introduced to
pressure vessel 12 by biomass mtroduction mechanism 20,
which comprises atmospheric pressure zone 22 and pressure
transition zone 24. Cellulosic biomass solids may be housed
in atmospheric pressure zone 22 and added, as needed, to
pressure transition zone 24. Cellulosic biomass solids added
to pressure transition zone 24 may be cycled from atmo-
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spheric pressure to an elevated pressure state such that they
may be introduced to pressure vessel 12. There may be vari-
ous valves or other pressure 1solation mechanisms present
between atmospheric pressure zone 22 and pressure transi-
tion zone 24 and between pressure transition zone 24 and
pressure vessel 12, which have not been depicted for purposes
of clarity. Suitable pressure isolation mechanisms and use
thereol will be familiar to one having ordinary skill 1n the art.
Suitable biomass feed mechanisms that may supply cellulosic
biomass solids to a pressurized vessel are described 1n further
detail hereinabove.

[0057] During operation of biomass conversion system 10,
addition of cellulosic biomass solids to pressure vessel 12
may occur on a continuous or semi-continuous basis. As
described above, cellulosic biomass solids may be added to
biomass feed mechamism 20 and raised to an elevated pres-
sure state. Thereatter, the cellulosic biomass solids may be
introduced to pressure vessel 12. When introduced to pres-
sure vessel 12, the cellulosic biomass solids may enter hydro-
thermal digestion unit 14 and undergo at least partial trans-
formation into soluble carbohydrates. In some embodiments,
at least a portion of the cellulosic biomass solids may also
enter first catalytic reduction reactor unit 16. As described
hereinafter, the introduction of cellulosic biomass solids to
first catalytic reduction reactor unit 16 may be particularly
advantageous.

[0058] Hydrolysate produced in hydrothermal digestion
unit 14 may drain into fluid conduit region 26, where 1t may
subsequently enter first catalytic reduction reactor unit 16 and
flow upward therethrough 1n the course of being transformed
into a reaction product. Molecular hydrogen may be 1ntro-
duced to first catalytic reduction reactor unit 16 via hydrogen
teed line 28. First catalytic reduction reactor unit 16 contains
catalyst particles 30 and optionally cellulosic biomass solids
32. As described above, cellulosic biomass solids 32 may aid
in retaining catalyst particles 30 within first catalytic reduc-
tionreactor unit 16. Some of the catalyst particles not retained
by first catalytic reduction reactor unit 16 may be conveyed by
the downward biomass and hydrolysate flow within hydro-
thermal digestion unit 14. These catalyst particles may be
returned to first catalytic reduction reactor unit 16 during the
flow of hydrolysate thereto, as described above.

[0059] As depicted in FIG. 3, fluid circulation loop 40

establishes fluid communication between a fluid inlet 42 of
pressure vessel 12 and a fluid outlet 44 of biomass feed
mechanism 20. Optionally, the fluid circulation loop can
establish a direct fluid connection between a fluid outlet and
a fluid inlet of pressure vessel 12. For example, in some
embodiments, fluid circulation loop 40 may establish a direct
fluid connection between tluid outlet 46 of pressure vessel 12
and fluid inlet 42 of pressure vessel 12 (see FIG. 4). As
depicted 1n FIG. 3, fluid circulation loop 40 also contains
second catalytic reduction reactor unit 50 where further trans-
formation of the hydrolysate may occur. Fluid circulation
loop 40 may be configured to establish countercurrent flow 1n
hydrothermal digestion unit 14 once liquor phase therein 1s
recirculated to pressure vessel 12. Other flow motifs, includ-
ing co-current tlow, are also possible. Reaction product that is
not returned to pressure vessel 12 may be withdrawn from
fluid circulation loop 40 by reaction product takeoil line 64
tor further processing.

[0060] During operation of biomass conversion system 10,
there may be an open fluid connection between pressure
vessel 10 and biomass feed mechanism 20, such that liquor
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phase may flow into pressure transition zone 24. Reaction
product produced 1n first catalytic reduction reactor unit 16
may exit pressure vessel 12 via biomass feed mechanism 20
(1.e. by fluid circulation loop 40, which 1s operatively con-
nected to pressure transition zone 24). Catalyst particles 30
not retained within first catalytic reduction reactor unit 16 or
returned thereto by bulk biomass and hydrolysate flow may
become sequestered within cellulosic biomass solids housed
within pressure transition zone 24. Once these cellulosic bio-
mass solids are introduced to pressure vessel 12, the catalyst
particles may also be returned thereto. Thus, by flowing the
liquor phase from pressure vessel 12 through cellulosic bio-
mass solids in pressure transition zone 24, an even more
elfective retention of catalyst may be realized.

[0061] In some embodiments, it may be desirable that the
liquor phase does not flow through pressure transition zone
24, at least temporarily. For example, when fresh cellulosic
biomass solids are being added to pressure transition zone 24,
the pressure transition zone may be at atmospheric pressure,
in which case 1t may be 1solated from pressure vessel 12 by a
pressure 1solation mechanism, as discussed above. In such
cases, tlow within fluid circulation loop 40 may be main-
tained by routing the liquor phase through bypass line 48,
which establishes direct fluid communication to pressure ves-
sel 12 via flud outlet 46.

[0062] In some embodiments, the fluid circulation loop
may directly connect to pressure vessel 12, rather than con-
necting to pressure transition zone 24 of biomass feed mecha-
nism 20. Although the benefit of flowing the liquor phase
through the cellulosic biomass solids in pressure transition
zone 24 1s lost 1n such embodiments, this configuration rep-
resents a viable alternative configuration for the fluid connec-
tion of fluid circulation loop 40. FIG. 4 shows a schematic of
an 1llustrative biomass conversion system having a hydrother-
mal digestion unit and a catalytic reduction reactor unit
housed within a pressure vessel 1n which a fluid circulation
loop establishes direct fluid communication between a fluid
inlet and a fluid outlet of the pressure vessel. Features in FIG.
4 have 1dentical reference characters to those depicted 1n FIG.
3 and described hereinabove. For conciseness, these features
will not be described again 1n detail.

[0063] Although the foregoing description has described
the benefits atforded by using cellulosic biomass solids to
sequester catalyst particles, 1t 1s to be recognized that conven-
tional catalyst screens and filters may be used to retain the
catalyst within first catalytic reduction reactor unit 14, second
catalytic reduction reactor unit 30, or both. Such catalyst
screens and filters will familiar to one having ordinary skill in
the art. Catalyst filters or screens may include wire mesh or
sintered metal or ceramic filters. Beds of solids such as, for
example, sharp sands or other packed beds of solids, typically
with a void fraction of about 25% or less by volume, may also
be deployed as catalytic filters to separate slurry catalyst from
a liquid filtrate. External filters such cake filters, for example,
may be deployed, where the filter media can be cloth, sintered
metal, metal screens or fabrics, porous ceramic, pressed felts
or cotton batting, nonwoven fabrics, filter paper, polymer
membranes, or granular beds of particulate solids. Filters
using these filter media may include cake filters, horizontal or
vertical plate filters, filter presses, leave filters, tubular filters,
rotary drum filters, centrifugal discharge filters, and the like.
Centrifuges, hydroclones, and gravity settlers can also be
used to separate slurry catalyst from a liquid phase and
recycle slurry catalyst. A pump, screw, or belt, for example,
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may be used to transport the separated or enriched slurry
catalyst back into the catalytic reduction reactor unit.

[0064] Various optional elements may also be present
within the biomass conversion systems described herein. In
some embodiments, there may be a solids separation mecha-
nism 60 within tfluid circulation loop 40. Use of a solids
separation mechanism may protect second catalytic reduction
reactor unit 50 from plugging by catalyst particles and cellu-
losic biomass fines, for example. Suitable solids separation
mechamisms are described in more detail hereinbelow. In
some embodiments, there may be a phase separation mecha-
nism 62 within flmd circulation loop 40. Phase separation
mechanism 62 may be used to at least partially separate an
organic phase from an aqueous of the reaction product exiting
second catalytic reduction reactor unit 50. Suitable phase
separation mechanisms are also discussed i more detail
hereinbelow.

[0065] In various embodiments, suitable materials for the
pressure vessel may include, for example, carbon steel, stain-
less steel, or a similar alloy. In some embodiments, the pres-
sure vessel may be capable of maintaining a pressure of at
least about 30 bar. In some embodiments, the pressure vessel
may be capable of maintaining a pressure of at least about 60
bar. In some embodiments, the pressure vessel may be
capable of maintaining a pressure of at least about 90 bar.

[0066] Various catalysts may be used 1n conjunction with
the catalytic reduction reactor units described herein. In some
embodiments, the catalyst in the first catalytic reduction reac-
tor unit and the second catalytic reduction reactor unit may be
the same. In other embodiments, they may be different. In
some embodiments, the catalyst 1n the first catalytic reduction
reactor unit may comprise a slurry catalyst, an ebullating bed
catalyst, or a fluidized bed catalyst. In some embodiments, the
catalyst 1n the second catalytic reduction reactor unit may
comprise a fixed bed catalyst, a slurry catalyst, an ebullating
bed catalyst, or a fluidized bed catalyst. In some embodi-
ments, the first catalyst, the second catalyst, or both may
comprise a slurry catalyst.

[0067] In some embodiments, the first catalyst, the second
catalyst, or both may comprise a poison-tolerant catalyst. Use
ol a poison-tolerant catalyst may be particularly desirable
when catalyst poisons are not removed from the liquor phase
of the hydrolysate before catalytic reduction takes place. As
used herein, a “poison-tolerant catalyst™ 1s defined as a cata-
lyst that 1s capable of activating molecular hydrogen without
needing to be regenerated or replaced due to low catalytic
activity for at least about 12 hours of continuous operation.
Use of a poison-tolerant catalyst may avoid the disadvantages
of process downtime that are associated with catalyst regen-
eration and replacement. In addition to lost production time,
considerable energy expenditure may be needed when
restarting the hydrothermal digestion process.

[0068] In some embodiments, suitable poison-tolerant
catalysts may include, for example, a sulfided catalyst. Sul-
fided catalysts suitable for activating molecular hydrogen are
described 1n commonly owned United States Patent Applica-
tion Publications 2012/0317872, and 2013/0109896, each of
which 1s incorporated herein by reference 1n 1ts entirety. Sul-
fiding may take place by treating a catalyst with hydrogen
sulfide or other sulfiding agent, optionally while the catalyst
1s deposited on a solid support. In more particular embodi-
ments, the poison-tolerant catalyst may comprise a sulfided
cobalt-molybdate catalyst. We have found that sulfided
cobalt-molybdate catalysts may give a high yield of oxygen-
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ated intermediates, while not forming an excess amount of
C2-C4 alkanes. The oxygenated intermediates formed may
be readily separated from water via flash vaporization or
liquid-liquid phase separation, and undergo condensation-
oligomerization reactions 1n separate steps over an acid or
base catalyst, to produce liquid biofuels in the gasoline, jet, or
diesel range. Use of a poison-tolerant catalyst may lessen the
need to perform stepwise digestion or a purification of the
hydrolysate (e.g., by 1on-exchange) prior to the catalytic
reduction reaction taking place. Even when catalyst poisons
are removed from the hydrolysate, a poison-tolerant catalyst
may still be used to lessen process downtime.

[0069] Insome embodiments, the catalyst may be regener-
able. In some embodiments, the catalyst may be aregenerable
slurry catalyst. For example, 1n some embodiments, a slurry
catalyst may be regenerable through exposure to water at a
temperature above 1ts normal boiling point. As used herein, a
“regenerable catalyst” may have at least some of 1ts catalytic
activity restored through regeneration, even when poisoned
with nitrogen compound 1mpurities, sulfur compound impu-
rities, or any combination thereof. Ideally, such regenerable
catalysts should be regenerable with a minimal amount of
process downtime. In some embodiments, the slurry catalyst
may be regenerated through exposure to water having a tem-
perature of at least about 200° C. In some embodiments, the
slurry catalyst may be regenerated through exposure to water
having a temperature of at least about 250° C. In some
embodiments, the slurry catalyst may be regenerated through
exposure to water having a temperature of at least about 300°
C. In some embodiments, the slurry catalyst may be regener-
ated through exposure to water having a temperature of at
least about 350° C. In some embodiments, the slurry catalyst
may be regenerated through exposure to water having a tem-
perature of at least about 400° C. Exposure to water 1n a
subcritical state or a supercritical state may be used for regen-
cration of the catalyst. Regeneration of the slurry catalyst may
take place at any location 1n the biomass conversion system,
but more typically, regeneration takes place in one of the
catalytic reduction reactor units while hydrolysate 1s not
being processed therein. Most catalysts eflective for mediat-
ing a catalytic reduction reaction are also regenerable, at least
in part, through thermal treatments with hydrogen. A particu-
larly suitable slurry catalyst that can be regenerated though
exposure to water above 1ts normal boiling point 1s ruthenium
disposed on a solid support such as, for example, ruthenium
on titanium dioxide or ruthenium on carbon. Another suitable
slurry catalyst may be a platinum or a palladium compound
disposed on a solid support.

[0070] Insome embodiments, the catalytic reduction reac-
tions carried out in the hydrothermal digestion unit and the
catalytic reduction reactor unit may be hydrogenolysis reac-
tions. A detailed description of hydrogenolysis reactions 1s
included hereinbelow.

[0071] In some embodiments, the fluid circulation loop
may be configured to establish countercurrent flow 1n the
hydrothermal digestion unit of the pressure vessel. As used
herein, the term “countercurrent flow” refers to the direction
a reaction product enters the hydrothermal digestion unit
relative to the direction of bulk biomass flow 1n the hydro-
thermal digestion umt. Other tlow configurations such as, for
example, co-current flow may also be used, 11 desired.

[0072] In some embodiments, there may be a solids sepa-
ration mechamism located within the fluid circulation loop
between a fluid outlet of the biomass feed mechanism and a
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fluid 1nlet of the second catalytic reduction reactor unit. In
some embodiments, there may be a solids separation mecha-
nism located within the fluid circulation loop between a tluid
outlet of the pressure vessel and a fluid inlet of the second
catalytic reduction reactor unit. A solids separation mecha-
nism 1n this location may be used to protect the second cata-
lytic reduction reactor unit and reduce the likelithood of plug-
gimng. Solids separation mechanisms may include any
separation technique known 1n the art including, for example,
filters, centrifugal force- or centrifugal force-based separa-
tion mechanisms (e.g., hydroclones), settling tanks, centri-
fuges, and the like. Suitable filters may include, for example,
surface filters and depth filters. Surface filters may include,
for example, filter papers, membranes, porous solid media,
and the like. Depth filters may include, for example, a column
or plug of porous media designed to trap solids within its core
structure. In some embodiments, two or more {ilters may be
used within the fluid circulation loop, where at least one of the
filters may be backilushed to the hydrothermal digestion unit
while forward flmid flow continues through at least some of
the remaining filters and onward to the catalytic reduction
reactor unit. That 1s, two or more filters may be operated 1n a
reciprocating manner. In some embodiments, one or more
hydroclones may be used within the fluid circulation loop.
Use of filters and hydroclones within the fluid circulation
loop are described in commonly owned United States Patent

Application Publications 2013/0152456 and 2013/0158308,
incorporated herein by reference 1n 1ts entirety.

[0073] In some embodiments, there may be a phase sepa-
ration mechanism within the fluid circulation loop between a
fluid outlet of the second catalytic reduction reactor unit and
a flmid 1nlet of the pressure vessel. Suitable phase separation
mechanisms and techniques are discussed in more detail
below.

[0074] Insomeembodiments, there may be a reaction prod-
uct takeoll line in fluid communication with the fluid circu-
lation loop, where the reaction product takeotf line 1s located
between a fluid inlet of the pressure vessel and a fluid outlet of
the second catalytic reduction reactor unit. In some embodi-
ments, there may be a solids separation mechanism that 1s
operatively connected to the reaction product takeodl line. A
solids separation mechanism 1n this location may be used to
remove solids from the reaction product before it 1s further
transformed downstream into a biofuel or other substance.
Suitable solids separation mechanisms may include those
described previously.

[0075] Insome embodiments, methods for processing cel-
lulosic biomass solids are described herein. In some embodi-
ments, methods for processing cellulosic biomass solids can
comprise: providing a pressure vessel comprising a first sec-
tion and a second section, the first section comprising a
hydrothermal digestion unit and the second section compris-
ing a first catalytic reduction reactor unit that contains a first
catalyst capable of activating molecular hydrogen; wherein
the hydrothermal digestion unit and the first catalytic reduc-
tion reactor unit are in fluid communication with one another;
adding cellulosic biomass solids to the pressure vessel; heat-
ing the cellulosic biomass solids 1n the hydrothermal diges-
tion unit o the pressure vessel, thereby forming a hydrolysate
comprising soluble carbohydrates within a liquor phase; con-
veying the liquor phase through the first catalytic reduction
reactor unit 1n the presence of molecular hydrogen so as to at
least partially transform the soluble carbohydrates 1into a reac-
tion product; and conveying at least a portion of the liquor
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phase from the pressure vessel to a second catalytic reduction
reactor umit that contains a second catalyst capable of activat-
ing molecular hydrogen, so as to further transform the soluble
carbohydrates into the reaction product.

[0076] Insomeembodiments, the cellulosic biomass solids
may be added to the pressure vessel while the pressure vessel
maintains a pressurized state. In some embodiments, the pres-
sure vessel may be maintained at a pressure of at least about
30 bar while the cellulosic biomass solids are being added. In
some embodiments, the cellulosic biomass solids may be
added to the pressure vessel from a biomass feed mechanism,
where the biomass feed mechanism 1s capable of introducing
cellulosic biomass solids to the pressure vessel while the
pressure vessel maintains a pressurized state. Pressure vessels
suitable for the foregoing purpose have been set forth above.
In some embodiments, the biomass feed mechanism may add
at least some cellulosic biomass solids to the hydrothermal
digestion unit of the pressure vessel. In some or other embodi-
ments, the biomass feed mechanism may add at least some
cellulosic biomass solids to the first catalytic reduction reac-
tor unit of the pressure vessel.

[0077] In some embodiments, the methods may further
comprise conveying the liquor phase to the second catalytic
reduction reactor unit through the biomass feed mechanism.
In some embodiments, the biomass feed mechanism may be
empty while conveying the liquor phase. In other embodi-
ments, the biomass feed mechanism may contain cellulosic
biomass solids while the liquor phase 1s being conveyed
therethrough. As described above, cellulosic biomass solids
in the biomass feed mechanism may be used to sequester
catalyst solids thereon and limit their transportation to the
second catalytic reduction reactor unit. Catalyst solids
sequestered on the cellulosic biomass solids within the bio-
mass feed mechanism may be returned to the pressure vessel
during subsequent additions of cellulosic biomass solids
thereto.

[0078] In some embodiments, the methods may further
comprise conveying the liquor phase to the second catalytic
reduction reactor unit without the liquor phase passing
through a biomass feed mechanism. For example, the liquor
phase may pass directly from a fluid outlet on the pressure
vessel to a flwd 1nlet on the second catalytic reduction reactor
unit. In some embodiments, direct transfer of the liquor phase
may take place when the biomass feed mechanism 1s at atmo-
spheric pressure and being loaded with additional cellulosic
biomass solids. In other embodiments, the biomass feed
mechanism may be bypassed entirely. For example, 1f catalyst
solids are effectively retained within the pressure vessel it
may be possible for the biomass feed mechanism to be
bypassed when the liquor phase 1s being conveyed to the
second catalytic reduction reactor unit.

[0079] In some embodiments, prior to digestion, the cellu-
losic biomass may be washed and/or reduced 1n size (e.g., by
chopping, crushing, debarking, and the like) to achieve a
desired size and quality for being digested. The operations
may remove substances that interfere with further chemical
transformation of soluble carbohydrates and/or improve the
penetration of digestion solvent into the biomass. In some
embodiments, washing may occur within the hydrothermal
digestion unit of the pressure vessel prior to pressurization. In
other embodiments, washing may occur before the biomass 1s
placed 1n the pressure vessel. For example, in some embodi-
ments, the biomass may be washed 1n a biomass feed mecha-
nism before pressurization takes place.
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[0080] In general, digestion 1n the hydrothermal digestion
unit may be conducted 1n a liquor phase. In some embodi-
ments, the liquor phase may comprise a digestion solvent that
comprises water. In some embodiments, the liquor phase may
turther comprise an organic solvent. In some embodiments,
the organic solvent may comprise oxygenated imtermediates
produced from a catalytic reduction reaction of soluble car-
bohydrates. For example, 1n some embodiments, a digestion
solvent may comprise oxygenated intermediates produced by
a hydrogenolysis reaction or other catalytic reduction reac-
tion of soluble carbohydrates. In some embodiments, bio-
cthanol may be added to water as a startup digestion solvent,
with a solvent comprising oxygenated intermediates being
produced thereafter. Any other organic solvent that 1s mis-
cible with water may also be used as a startup digestion
solvent, 11 desired. In general, a sufficient amount of liquor
phase may be present 1n the digestion process such that the
biomass surface remains wetted. The amount of liquor phase
may be further chosen to maintain a suificiently high concen-
tration of soluble carbohydrates to attain a desirably high
reaction rate during catalytic reduction, but not so high such
that degradation becomes problematic. In some embodi-
ments, the concentration of soluble carbohydrates may be
kept below about 5% by weight of the liquor phase to mini-
mize degradation. However, it 1s to be recognized that higher
concentrations may be used 1n some embodiments. In some
embodiments, organic acids such as, for example, acetic acid,
oxalic acid, salicylic acid, or acetylsalicylic acid may be
included 1n the liquor phase as an acid promoter of the diges-
tion process.

[0081] In some embodiments, the digestion solvent may
comprise an organic solvent comprising oxygenated interme-
diates resulting from a catalytic reduction reaction of soluble
carbohydrates. The catalytic reduction reaction may take
place within the catalytic reduction reactor units. In some
embodiments, the organic solvent may comprise at least one
alcohol, ketone, or polyol. In alternative embodiments, the
digestion solvent may be at least partially supplied from an
external source. For example, in some embodiments, bioet-
hanol may be used to supplement the organic solvent. Other
water-miscible organic solvents may be used as well. In some
embodiments, the digestion solvent may be separated, stored,
or selectively injected 1nto the hydrothermal digestion unit so
as to maintain a desired concentration of soluble carbohy-
drates or to provide temperature regulation 1n the hydrother-
mal digestion unit.

[0082] In various embodiments, digestion may take place
over a period of time at elevated temperatures and pressures.
In some embodiments, digestion may take place at a tempera-
ture ranging between about 100° C. to about 250° C. for a
period of time. In some embodiments, the period of time may
range between about 0.25 hours and about 24 hours. In some
embodiments, the digestion to produce soluble carbohydrates
may occur at a pressure ranging between about 1 bar (abso-
lute) and about 100 bar. In some embodiments, the digestion
process may be conducted 1n stages, with a first stage being,
conducted at about 160° C. or below to solubilize and convert
hemicellulose 1into a reaction product, and with a second stage
being conducted at about 160° C. or above to solubilize and
convert cellulose mto a reaction product. The lower tempera-
ture digestion may also remove at least some catalyst poisons
and lignin from the cellulosic biomass solids.
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[0083] Invarious embodiments, suitable biomass digestion
techniques may include, for example, acid digestion, alkaline
digestion, enzymatic digestion, and digestion using hot-com-
pressed water.

[0084] In some embodiments, the methods may further
comprise withdrawing at least a portion of the reaction prod-
uct from the biomass conversion system. For example, in
some embodiments, the methods may further comprise with-
drawing a portion of the reaction product from a fluid outlet of
the second catalytic reduction reactor umit, aiter further trans-
forming the soluble carbohydrates into reaction product. In
some embodiments, the methods may further comprise con-
verting the reaction product mnto a biofuel, as described 1n
further detail hereinatfter. In some embodiments, the methods
may further comprise separating solids from the liquor phase
as 1t 1s being conveyed to the second catalytic reduction
reactor unit, as described above.

[0085] In some embodiments, the methods may further
comprise recirculating at least a portion of the liquor phase
from the second catalytic reduction reactor unit to the pres-
sure vessel. Recirculation of the liquor phase from the second
catalytic reduction reactor unit to the pressure vessel may, for
example, help regulate temperature therein, provide makeup
digestion solvent for the digestion process, and the like.
Recirculation from the second catalytic reduction reactor unit
to the pressure vessel may take place at various recycle ratios.
As used herein, the term “recycle ratio” refers to the amount
of liquor phase that 1s recirculated to the pressure vessel (e.g.,
within the fluid circulation loop) relative to the amount of
liquor phase that 1s withdrawn from the biomass conversion
system (e.g., by a reaction product takeotf line).

[0086] A particular benefit of performing hydrothermal
digestion and catalytic reduction in the same pressure vessel
1s that lower recycleratios may be used when recirculating the
liquor phase to the hydrothermal digestion, while still main-
taining process eificiency and yields. Specifically, there may
be less need to supply heat from the recirculated reaction
product to the digestion process occurring in the pressure
vessel, given than an exothermic catalytic reduction reaction
1s already taking place therein. Accordingly, a relatively high
proportion of the liquor phase exiting the second catalytic
reduction reactor unit may be withdrawn from the biomass
conversion system for subsequent conversion into a biofuel.
Lower recycle ratios may also allow smaller reactor volumes
to be used, as total liquid tlow velocity 1 the hydrothermal
digestion unit and catalytic reduction reactor are reduced.
High recycle ratios and high liquid flow velocities may give
rise to excessive pressure drops, high pump energy and size
requirements, and other adverse features. Failure to minimize
residence time prior to stabilization via a catalytic reduction
reaction may also result in lower yields. Additionally, lower
recycle ratios may help promote retention of the catalyst
within the pressure vessel and lessen the demands on the
cellulosic biomass solids to retain the catalyst therein. Given
the benefit of the present disclosure, one having ordinary skall
in the art will be able to determine an appropriate recycle ratio
for liquor phase recirculation that achieves a desired amount
ol heat integration, while balancing a desired rate of down-
stream biofuel production. In some embodiments, the liquor
phase may berecirculated from the second catalytic reduction
reactor unit to the pressure vessel at a recycle ratio ranging
between about 0.2 and about 10. In some embodiments, the
liquor phase may be recirculated from the second catalytic
reduction reactor unit to the pressure vessel at a recycle ratio
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ranging between about 1 and about 10, or between about 1
and about 5, or between about 0.2 and about 2, or between
about 0.5 and about 2, or between about 1 and about 2, or
between about 0.2 and about 1, or between about 0.5 and
about 1. In some embodiments, the liquor phase may be
recirculated from the second catalytic reduction reactor unit
to the pressure vessel at a recycle ratio of about 2 or less. In
some embodiments, the liquor phase may be recirculated
from the second catalytic reduction reactor unit to the pres-
sure vessel at a recycle ratio of about 1 or less. In some
embodiments, the liquor phase may be recirculated from the
second catalytic reduction reactor unit to the pressure vessel
such that countercurrent tlow 1s established 1n the hydrother-
mal digestion unit. In other embodiments, other flow patterns
may be established 1n the hydrothermal digestion unit, 1nclud-
ing co-current tlow, for example.

[0087] Insome embodiments, heating the cellulosic biom-
ass solids 1n the pressure vessel may take place at a pressure
of at least about 30 bar. Maintaining digestion at a pressure of
at least about 30 bar may ensure that digestion takes place at
a satisfactory rate. In some embodiments, heating the cellu-
losic biomass solids 1n the pressure vessel may take place at a
pressure of at least about 60 bar. In some embodiments,
heating the cellulosic biomass solids 1n the pressure vessel
may take place at a pressure of at least about 90 bar. In some
embodiments, heating the cellulosic biomass solids 1n the
pressure vessel may take place at a pressure ranging between
about 30 bar and about 430 bar. In some embodiments, heat-
ing the cellulosic biomass solids in the pressure vessel may
take place at a pressure ranging between about 50 bar and
about 330 bar. In some embodiments, heating the cellulosic
biomass solids 1n the pressure vessel may take place at a
pressure ranging between about 70 bar and about 130 bar. In
some embodiments, heating the cellulosic biomass solids 1n
the pressure vessel may take place at a pressure ranging
between about 30 bar and about 130 bar. It 1s to be noted that
the foregoing pressures refer to the normal operating pres-
sures at which digestion takes place.

[0088] In general, after digestion in the hydrothermal
digestion unit takes place, only small percentages of the origi-
nal cellulosic biomass solids may remain undigested. In some
embodiments, at least about 60% of the cellulosic biomass
solids, on a dry basis, may be digested to produce hydroly-
sate. In some embodiments, at least about 70% of the cellu-
losic biomass solids, on a dry basis, may be digested to
produce hydrolysate. In some embodiments, at least about
80% of the cellulosic biomass solids, on a dry basis, may be
digested to produce hydrolysate. In some embodiments, at
least about 90% of the cellulosic biomass solids, on a dry
basis, may be digested to produce hydrolysate.

[0089] In some embodiments, a poison-tolerant catalyst
may be used in the methods as either the first catalyst, the
second catalyst, or both. Suitable poison-tolerant catalysts
have been set forth above. In some embodiments, a regener-
able catalyst may be used in the methods as either the first
catalyst, the second catalyst, or both. In some embodiments,
the regenerable catalyst may be a slurry catalyst. In some
embodiments, the methods may further comprise regenerat-
ing the slurry catalyst through exposure to water having a
temperature of at least about 200° C., or at least about 250° C.,
or at least about 300° C., or at least about 350° C., or at least
about 400° C.

[0090] In some embodiments, the present methods may
turther comprise performing a phase separation of the reac-
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tion product. In some embodiments, phase separation may
take place using a phase separation mechanism that 1s present
following an outlet of the second catalytic reduction reactor
unit. In various embodiments, performing a phase separation
may comprise separating a bilayer, conducting a solvent strip-
ping operation, performing an extraction, performing a filtra-
tion, performing a distillation, or the like. In some embodi-
ments, azeotropic distillation may be conducted.

[0091] In some embodiments, the methods described
herein may further comprise converting the reaction product
into a biofuel. In some embodiments, conversion of the reac-
tion product into a biofuel may begin with a catalytic hydro-
genolysis reaction to transform soluble carbohydrates pro-
duced from hydrothermal digestion nto a reaction product
comprising oxygenated intermediates, as described above. As
further described above and depicted in FIGS. 3 and 4, a
liquor phase containing the reaction product may be recircu-
lated to the pressure vessel to further aid in the digestion
process. In some embodiments, the reaction product may be
further transformed by any number of further catalytic
reforming reactions including, for example, further catalytic
reduction reactions (e.g., hydrogenolysis reactions, hydroge-
nation reactions, hydrotreating reactio